The energetic aspect of the sound radiation has been analyzed in the case of the three-wall corner region. This region is the part of space bounded by three baes arranged perpendicularly to one another. The Neumann boundary value problem has been solved assuming that the sound source is the vibrating circular plate embedded in one of the baes of the three-wall corner region. The KelvinVoigt theory of a visco-elastic plate has been used which allows to include internal attenuation existing in the plate material. It has been assumed that the sound source is excited to vibrations by the external pressure asymmetrically distributed on the plate surface. The modal coecients of the acoustic impedance have been obtained in the form of the expressions containing single integrals only. The formula describing the acoustic power of the analyzed sound source has been presented as a fourfold innite series containing the modal coecients of the acoustic impedance. The inuence of some asymmetric excitations on the acoustic power has been analyzed. The possibilities of the modelling some uniform excitations located on the plate fragment of the small area by the point force excitation has been examined. The inuence of the transverse baes on the acoustic power has also been investigated. It has been determined for which frequency the baes inuence on the acoustic power is the greatest.
Introduction
The plates very often constitute some constructional elements in many industries, transport and architecture. The excited to vibration plates radiate some acoustic wave which can be considered in many cases as undesirable and harmful phenomena. Therefore, the theoretical analysis of the acoustic properties of such source is particularly important from a practical point of view. At the stage of construction, the pure theoretical calculations enable to predict some acoustic properties of designed systems which allows to create and modify projects with view to noise reduction. There are a number of papers devoted to the sound radiation of the plates located in a at innite and perfectly rigid bae. The method of the acoustic resistance matrix has been used to obtain the radiation eciency of the circular and rectangular plates excited by the harmonic point force excitation for the low frequency range [1, 2] . Based on the coupling matrix, the acoustic power of rectangular plate has been calculated for the arbitrary boundary conditions [3] . Taking into account the acoustic attenuation and the external surface excitation the formulae describing the sound radiation of the circular membrane [4] and circular plate [58] have been obtained. The possibilities of an active reduction of vibrations and noise have been examined in many papers [914] . The analysis of the energetic as- * corresponding author; e-mail: alpha@univ.rzeszow.pl pect of sound radiation is very essential especially when some surface sources generate the acoustic waves into the region bounded by baes of dierent shapes and acoustic properties. In particular, the region of the two-wall corner and three-wall corner are very important from a practical point of view. They constitute the part of space bounded by three and two arranged perpendicularly to one another baes, respectively.
In the low frequency range, the two-wall corner and three-wall corner regions can model commonly found architectural structures for example regions bounded by buildings walls. So far, there are few papers concerning the sound radiation into the two-wall and three-wall corner regions. It concerns even the simplest sound sources such as pistons and membranes. The Green function of the Neumann boundary value problem has been presented for the two-wall corner region as well as for three--wall corner region [15] . In paper [16] , the sound pressure radiated by a circular piston has been obtained in the case of the both corner regions. The possibility of the active noise reduction has been examined in the case of two pistons embedded in the dierent baes of the three-wall corner [17] . The acoustic power of a vibrating circular membrane located at the boundary of the three-wall corner region has been presented in Ref. [18] . However, there have been obtained the modal coecients of the acoustic impedance describing interaction of two modes cosinecosine and sinesine, only. The interaction of the pair of modes sinecosine and cosinesine has not been reported. All the modal coecients of the acoustic (1050) impedance needed to obtain the correct results for the acoustic power of the vibrating circular membrane located at the boundary of the two-wall corner region have been presented in Ref. [19] . However, the obtained formulae and performed analysis are insucient to describe the sound radiation into the three-wall corner region. So far, the radiation of a vibrating circular plate located on one bae of three-wall corner has not been presented in the case of excitation located on any fragment of the plate surface.
Therefore, this paper is focused on presenting the complete set of the modal coecients of the acoustic impedance which enable calculation of the acoustic power circular plate located at the boundary of three-wall corner region. The modal coecients cosinecosine, sine sine and mixed have been obtained in the form of the integral formulae which are suitable for numerical calculations. The analysis of the acoustic power has been performed for the force point excitation and for excitation located on a fragment of the plate surface. The acoustic power of the circular plate located in a at bae has not been analyzed by means of rigorous analysis in the case of excitation located on a plate fragment. However, the solution of this problem, as the limiting case, can be found on the basis of the results presented in this paper.
Analysis assumptions
The acoustic wave is radiated into the three-wall corner region Ω bounded by the three perfectly rigid innite bafes arranged perpendicularly to one another. The sound source is the vibrating circular plate with clamped edge. The plate is located on one of the baes. The sound radiation is described in the Cartesian coordinates (cf. Fig. 1 ). The vectors r = (x, y, z) and r s = (x s , y s , 0) are the leading vectors of the eld point and the source point, respectively. The analyzed region of the three--wall corner can be dened as Ω = {0 ≤ x < ∞, 0 ≤ y < ∞, 0 ≤ z < ∞}. The location of the plate's centre is determined by l = (l x , l y , 0) where |l| > a and l x , l y > a. Additionally, the local polar coordinates r 0 , φ 0 have been introduced. The origin of that system is located at the plate centre and its radial axis is parallel to the y axis. The existence of the transverse baes makes that the plate vibrations should be considered as asymmetric even the excitation is axisymmetric. Moreover, it has been assumed that the transverse deection amplitude of the plate's points is small enough to analyze them as the linear processes. The plate's surface is excited by the external asymmetric pressure. The inuence of some factors derived from outside of the three--wall region has been neglected. The plate's material is assumed to be homogeneous and isotropic. The sound waves are propagated into the homogeneous and lossless light uid medium. It has been assumed that the analyzed processes are time-harmonic according to the following function: exp(−i ωt), where ω is the frequency and i 2 = −1. The acoustic potential satises the homogeneous Helmholtz equation into the three-wall corner region
where 
which describe the sound radiation at the innite distance from the source. The considered problem is the classical Neumann boundary value problem. The system of the vibrating source, baes, acoustic waves radiated into the medium will be further referred to as the vibroacoustic system. Based on the KelvinVoigt theory of a viscoelastic plate the source vibrations can be described by
where
W (r 0 , φ 0 ) is the transverse deection amplitude of the plate points, p(r 0 , φ 0 ) denotes the acoustic pressure amplitude on the plate surface, f (r 0 , φ 0 ) is the external excitation, ρ, h are the density of the plate material and the plate thickness, respectively,
denotes the plate's bending stiness, E, ν are the plate Young modulus and the plate Poisson ratio, respectively, η is the plate's internal attenuation factor [7, 20] . The solution of the equation of motion (4) can be presented in the form of double innite series as follows [20] :
m,n (r 0 , φ 0 ) for m = 0, 1, 2, . . ., n = 1, 2, 3, . . . constitute the complete eigenfunctions system. The eigenfunctions, in the case of the considered source, take the form of
m,n ∈ C are constants which have to be found to solve the equation of motion (cf. [8, 21] ). The eigenfunctions (7) satisfy the homogeneous equation of motion [22, 23] ( k
and have been normalized according to the following relation [20] :
where S = πa 2 is the plate's area, and δ m,n denotes the Kronecker delta. Applying that the vibration velocity amplitude of the plate points is equal to v(r 0 , φ 0 ) = −iωW (r 0 , φ 0 ) and making use of Eq. (6) yields
The constants c (c) m,n and c
m,n are necessary to obtain the transverse deection and vibration velocity of the plate points. They depend on the external surface excitation and on the plate's internal attenuation factor. The values of these constants will be found on the basis of equations system which will be later presented in this paper.
Sound pressure
The sound pressure can be presented by means of the Green function as follows [24] :
where G(r|r s ) is the Green function, c is the sound velocity in the medium, ρ 0 denotes the medium density. Since the baes are perfectly rigid the integration in above formula can be performed over the source surface, only. The Green function representing the solution of the Neumann boundary value problem for the region of the three-wall corner can be written in the form of (cf. [15, 16] )
cos ξx cos ξx s cos ηy cos ηy s
and ξ, η, γ are the Cartesian coordinates of the wavevector. The transformation of the global coordinates into their local counterparts has been introduced (cf. Fig. 1 ) [17] :
Inserting series (10) into Eq. (12) and applying Eqs. (13) and (14) yields the sound pressure in the form of the series of the appropriate modal components.
After making use of the transformation (20) into Eq. (17) and applying the fre-
and
After changing the coordinates in Eq. (16) according to relations (19) , the integral formulations of the sound power modal quantities can be written as
Series (15) together with expressions (23) describes the sound power distribution for the three-wall corner region and can be used for obtaining the acoustic power.
4. The acoustic power, the acoustic impedance modal coecients
The time-averaged acoustic power of the vibrating plate can be obtained on the basis of the formula [24, 25] 
where S ′ is the surface enclosing the sound source, v * (r) ≡ v * (r, φ) denotes the conjugate value of v(r, φ) given by Eq. (10) and r = (x, y, 0). Applying the impedance approach it has been assumed that the surface S ′ is located directly above the vibrating plate surface. Some medium particles located on the surface S ′ vibrate at the same velocity v(r) as the plate. The conjugate value can be written as
(26) Using Eqs. (25) and (15), the acoustic power can be expressed in the form of the series modal components (cf. [19] ):
where the modal coecient of the acoustic power describing the interaction of cosine modes and sine modes have been dened as
and i, j ∈ {c, s}.
The transformation of the global coordinates of a eld point into their local polar counterparts has been introduced
Based on the above relations and Eq. (23), the acoustic power modal components (28) can be formulated in the following form:
Normalizing the quantities from Eq. (29) by means of the following reference value:
gives the modal coecients of the acoustic impedance [24] :
where i, j ∈ {c, s} and
Analysis of Eqs. (32) and (33) leads to the following relations:
which can be used to reduce the numerical calculation
is the angle between the vector l and the x-axis (cf. Fig. 1 ), sgn(·) denotes the signum function which is equal to 1, 0, −1 where its argument is positive, negative and equal to zero, respectively. All the components in Eq. (35) containing the Bessel function result from the existence of two additional baes.
Making use of Eqs. (27) and (32), the acoustic power can be presented as the fourfold series of modal coecients of the acoustic impedance
Applying the above formula requires reducing the innite series to a nite number of its terms. Consequently, the inuence of the higher modes of the plate on its vibrations is neglected. Therefore, the results obtained are the approximation of the real life situation.
Solution to the equation of forced vibrations
Finding a solution to the equation of motion (4) is equivalent to calculating the constants c m,n occurring in the eigenfunctions series (7) for known time--harmonic excitation. Inserting the series (6) into the equation of motion and using Eq. (8) gives
Further applying the standardization condition (9) and the following relation
(40) Taking into account Eqs. (15), (28) and (32) the equations system (38) can be presented as { c
where ε 0 = ρ 0 c/ρhω 0,1 is the dimensionless acoustic attenuation factor. The solution of the above equations system provides the values of constants c 
Numerical analysis
The radiation acoustic power of the considered plate has been analyzed for the three dierent distributions of surface excitation , f 1 (r 0 , φ 0 ) is the plate point excitation located at the point determined by the polar coordinates (r,φ), f 2 (r 0 , φ 0 ) denotes the axisymmetric uniform excitation applied to the surface of wheel of radiusā = √ S 0 /π, f 3 (r 0 , φ 0 ) is the asymmetric uniform excitation applied to the plate's segment of arear∆r∆φ with its characteristic point (r,φ) (cf. Fig. 2 ), ∆r = √ S 0 , ∆φ = √ S 0 /r, S 0 ≪ S is the area of surface to which the excitation is applied. The parameters describing the excitations from Eqs. (42) have been chosen to satisfy the following conditions:
which mean that the plate segment is similar to a square when it is located far from the plate's centre (cf. Fig. 2) , and the total force applied to the plate surface is the same for all the excitations. The conditions (43) have been introduced to compare the radiation acoustic power in the case of excitations (42) and can be satised for excitations (42c) whenr ∈ [r min ,r max ] wherē
The above coordinates determine the most extreme locations of the plate segment. The excitations given by Eqs. (42b) and (42c) have been chosen for practical reasons. They can be useful for modelling of some excitations realised by means of piezoelectric elements located on the plate's surface. The time-harmonic signal applied to the piezoelectric elements causes the changes in their shape and consequently in the plate's vibrations. The point's excitation dened by Eq. (42a) is described by the Dirac delta which simplies the theoretical analysis of the problem. Therefore, this excitation can be used for modelling the excitations dened by Eqs. (42b) and (42c) under some conditions that will be discussed. This allows to simplify the analysis of the acoustic power. Inserting Eqs. (42) into Eqs. (40) yields { f
wherē
The total acoustic power can be obtained taking into account the nite number of terms in the innite series from Eq. (36). Consequently, the nite number of the plate's modes can be applied which makes that the obtained results will be correct only for the upper bounded frequencies. The calculations of the acoustic power require taking into account all the modes whose eigenfrequencies are smaller than the excitation frequency. It is also necessary to apply some additional modes whose eigenfrequencies are greater than the excitation frequency. The total number of the modes applied is dependent on the accepted accuracy and considered frequency range. Equation ( Table. The acoustic power has been analyzed in the case of the excitations given by Eqs. (42). The axisymmetric uniform excitation (42b) can be approximated by the point excitation from (42a) in the case ofr = 0. It is possible to approximate the excitations from Eq. (42c) by the point excitation applied to the plate's point of the polar coordinates (r,φ). This leads to some approximation errors. The relative errors of modulus |Π | and cosine cos φ Π of phase of the acoustic power Π has been determined. The errors have been calculated on the basis of the following 
where W is the approximate value, W exact is the exact value.
The inuence of parameterr on the acoustic power has been also examined. This parameter determines the distance between the plate's centre and the characteristic point of the plate segment (cf. Fig. 2 ). The analysis has been performed for some sample frequencies and the excitation given by Eq. (42c). The value of the acoustic power modulus varies signicantly with frequency. Therefore, the acoustic power modulus has been normalized by Π max = maxr /a∈[0,1] |Π |. It enables presenting several curves in Fig. 3a which shows that the acoustic power modulus decreases signicantly when the parameterr grows and is negligibly small in comparison with Π max when the excited segment of the plate is located directly at the plate's edge, i.e. whenr =r max . The relative error resulting from applying the point excitation (42a) instead of the true excitation from Eq. (42c) increases signicantly whenr →r max (Fig. 3b) . The acoustic power has also been calculated for the dierent values of the quotient S 0 /S ∈ [0.001, 0.01]. The acoustic power modulus and phase cosine in the case of the excitations given by Eqs. (42a) and (42c) have been analyzed. The results for both excitations are similar and therefore only the acoustic power in the case of point excitation have been illustrated. The normalized modulus and phase cosine of acoustic power have been presented in Fig. 4a and b in the case of excitation given by Eq. (42a). The acoustic power modulus has been normalized by
which ensures that the obtained results are valid for any value of the exciting force amplitude F 0 . The relative approximation errors of the modulus and phase cosine of acoustic power have been presented in Fig. 4c and d. The normalized modulus and the phase cosine of acoustic power have been presented in Fig. 5a and b together with their relative approximation errors. The analysis has been performed for the point excitation given by Eq. (42a) and for some sample values of parameterr including the case when the excited plate's segment is located in the smallest possible distance from the plate's centre i.e.r =r min . Since the acoustic power achieves very small value when the excited plate segment is located directly at the plate's edge, this case has not been analyzed. The relative approximation error does not exceed 0.25% for ω < ω 0,1 and S 0 /S = 0.001. The excitation applied to the plate's segment dened by Eq. (42c) can be approximated by the point excitation with an approximation error less than 0.36% in the case when S 0 /S = 0.001, ω < ω 0,1 andr ∈ (0, 0.75a] (Fig. 5c,d) . This is obvious that the smaller area S 0 to which excitation is applied the smaller the approximation error resulting from using the point excitation instead of excitations (42b) or (42c). However such approximation is useful for practical reason and therefore this error has been shown in Fig. 6 as a function of the quotient S 0 /S. This gure conrms the above conclusion. The analysis has been performed for the dierent locations of the excited plate's segment and for some sample frequencies. In the case of ω > ω 0,1 , the curves presented in Fig. 6b concern the frequencies for which the maximum values of error are observed. Figure 6 shows that the presented error varies linearly with S 0 /S when it is depicted on the full logarithmic scale.
The acoustic attenuation can be neglected under some conditions, by assuming ε 0 = 0 in equations system (41), to obtain simple formulae describing the values of constants c
m,n and to simplify the numerical calculation of the acoustic power. The negligence of the acoustic attenuation causes, however, an approximation error of value depending on the normalized excitation frequency ω/ω 0,1 . The relative approximation error of the modulus and the phase cosine of the acoustic power have been presented in Fig. 7 . It can be noticed that the modulus error can assume signicant values whereas the error of the phase is negligible. Both errors grow rapidly with frequency when ω < ω 0,1 . The negligence of the acoustic attenuation causes the relative error of the acoustic power modulus less than 1% only within the low frequency range for ω < 0.3ω 0,1 which means that for frequencies higher than 0.3ω 0,1 the acoustic attenuation must be included to assure the desirable computation accuracy. If the 10% error is acceptable then the acoustic attenuation can be neglected within the entire frequency band. Additionally, the error achieves some signicant values at the resonance frequencies. It is essential to determine the inuence of the transverse baes on the acoustic power of the considered sound source. The following quantity has been introduced for this purpose:
whereΠ is given in Eq. (A.1) and denotes the acoustic power of a clamped circular plate located in a at bafe. This quantity is the normalized measure of the inuence of transverse baes on the acoustic power modulus. The case when δΠ > 0 means an increase in the modulus |Π | resulting from the existence of the additional baes and the case when δΠ < 0 indicates the modulus reduction. The quantities δΠ andΠ have been presented in Fig. 8 as functions of the normalized frequency ω/ω 0,1 . The quantity δΠ has been shown for the dierent distances between the plate's centre and the transverse baes. The point excitation given in Eq. (42a) has been assumed. Figure 8 shows that the transverse baes cause an increase in the acoustic power modulus for frequencies ω < ω 0,1 . It can also be noticed, for these frequencies, that the baes inuence grows when the distance between the plate's centre and the baes decreases i.e. when L → 1. The greater inuence is observed for ω < ω 0,1 . In the case of ω > ω 0,1 , the inuence decreases with an increase in frequency. This is due to the growth of quotients l x /λ and l y /λ which means that the distance between the source and baes grows in comparison with the wavelength. The inuence depends strongly on frequency when ω/ω 0,1 ∈ (0.9, 1.0). The phase depends very weakly on the presence of the baes within the entire frequency range and for any values of quotients l x /λ and l y /λ. The normalized quantity |Π /Π |, as a measure of the baes inuence on the acoustic power, has been included. This quantity has been shown in Fig. 9 as a function of the distance between plate's centre and the transverse baes in the case when L x = L y . The analysis has been performed for some sample frequencies less than ω 0,1 . It has been shown that |Π /Π | assumes some signicant values for L x , L y < 31. It grows with the frequency when L x , L y < 2.5. This fact results from the interference of the waves derived directly from the plate and the waves reected from the baes. This interference is signicant when the plate is located in the vicinity of the baes. Moreover, the baes inuence decreases when the distances L x and L y between the plate's centre and the bafes grow which is in agreement with expectations. The baes inuence decreases the faster the higher frequency.
Concluding remarks
The theoretical and numerical analyses have been carried out leading to the conclusion that the additional transverse baes inuence signicantly the radiated acoustic power within the low frequency range. Consequently, this inuence cannot be neglected for the low frequencies which is especially important in actual active noise and vibration control problems. The inuence of the transverse baes decreases when the vibration frequency grows. Moreover, it has also been noticed that the greatest inuence of the baes on the acoustic power is when the vibrating source is located close to the baes. When the distance between the source and the baes increases the baes inuence decreases. The obtained results indicate some situations for which the baes impact should be taken into account and some situations for which that impact can be neglected. The inuence of a uniform excitation located on the plate fragment of the small area can be closely approximated by the point force excitation in the case of the low frequency range. That fact enables to simplify theoretical calculation and reduces the numerical calculation time. Therefore, modelling uniform excitations by means of the point force excitation can be used to improve algorithms employed in the case of noise control. The acoustic power achieves its maximum when the excited segment of the plate is located near the source's centre.
